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ABSTRACT
A th e o r e t i c a l  and exp erim en ta l a n a ly s is  o f  th e  fo rced  h y d rau lic  
jump i s  p re se n te d . The g e n e ra l momentum e q u a tio n  i s  m odified  by th e  
in c lu s io n  o f  a  b a f f le  fo rc e  te rm . The d rag  c o e f f ic ie n t  f o r  th e  b a f­
f l e  i s  r e la te d  to  th e  flow  i n  th e  reg io n  o f  th e  b a f f l e .  The v e lo c i ty  
a t  th e  b a f f l e  i s  determ ined  by a n a ly s in g  th e  incoming flow  a s  an ex­
panding j e t .  The r e s u l t in g  seven th  degree e q u a tio n  i s  so lved  by 
computor to  g iv e  cu rves o f  th e  s e q u e n tia l  dep th  a g a in s t  th e  Froude 
number f o r  v a r io u s  v a lu es  o f  th e  d rag  p a ram ete r. For com parison w ith  
o th e r  in v e s t ig a to r s ,  p lo ts  o f  th e  s e q u e n tia l  d ep th s  a g a in s t  th e  b a f­
f l e  p o s i t io n ,  f o r  d e f in i t e  v a lu e s  o f  th e  r e l a t i v e  b a f f le  h e ig h t and 
Froude number, a r e  p lo t te d .  The exp erim en ta l p o in ts  show good ag ree­
ment w ith  th e  t h e o r e t i c a l  cu rv es . I n  a d d it io n  fo rc e  measurements on 
th e  b a f f le s  a re  compared to  th e  maximum j e t  fo rc e  and p re sen ted  in  
non-dim ensional form .
l i i
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INTRODUCTION
The purpose of this project was to determine the effect of 
appurtenances in the hydraulic jump stilling basin. A theoreti­
cal approach was followed whereby a term accounting for the force 
on the baffles was included in the momentum equation. This neces­
sitated the introduction of a drag coefficient which was related 
to the flow in the neighbourhood of the baffles, rather than at 
the entrance section of the jump, as has been suggested by some 
previous investigators 1, 2, .
In the study of the free hydraulic jump i. e., for a horizontal 
stilling basin without appurtenances, the well known ratio of initial
by applying the momentum equation between the beginning and end of 
the jump, the only assumption being that the force of friction is 
negligible. In this project it was attempted to determine a theore-
equating the applied force i. e., the force on the baffles and the 
force due to static pressure, to the rate of change of momentum. 
The force on the baffles was measured by a strain gauge dyna-
allowed to move slightly on ball bearings in order to obtain 
readings. The deflection of the baffle was kept to a minimum so 
that the configuration of the baffles remained intact. The dyna­
mometer forces were checked by placing piezometers on the front and 
rear of one of the baffles and thus calculating a force by summing 
the pressure forces over the baffle.
to sequential depth, is obtained
tical expression for for a stilling basin with baffles, by
mometer which was located on one of the baffles. The baffle was
1
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FACILITIES AND EQUIPMENT
G eneral Layout
The experim en tal program was c a r r ie d  o u t in  th e  U n iv e rs ity  
o f  W indsor H ydrau lics L abora to ry . The schem atic la y o u t i s  shown 
i n  f ig u re  1 .
The flow  was measured by means o f  a  m agnetic flow m eter and 
th en  d ischarged  in to  a  re c ta n g u la r  headbox. The flow  from th e  
headbox was re g u la ted  by an aluminum s lu ic e  g a te , and th u s  e n te red  
th e  flum e from which i t  was d ischarged  over a  hinged t a i l g a t e  in to  
th e  sump and hence r e - c i r c u la te d .
Equipment
A) Flume and Headbox
The flume and headbox were co n stru c ted  from plywood w ith  a 
5 fo o t  p le x ig la s s  w a ll so t h a t  photographs could be ta k e n . Photos 
1  and 2 show views o f  th e  e n t i r e  s e t-u p .
The s t ru c tu re  was p laced  on b locks and e lev a te d  approxim ately  
18 in c h es  from th e  f lo o r ,  so th a t  th e  b a f f le s  p o s i t io n  could be 
v a r ie d .  Three o f  th e  fo u r b a f f le s  were co n stru c ted  from p le x i­
g la s s ,  w ith  one being  hollow  so th a t  p iezom eters could be in s e r te d .  
The o th e r  b a f f le  was co n stru c ted  from b ra s s  and was p a r t  o f  the  
dynamometer used in  reco rd in g  th e  fo rc e s . The dim ensions o f  the  
flume and headbox a re  shown in  f ig u re  2 . The b a f f l e s  were a tta ch e d  
to  a f a l s e  p le x ig la s s  f lo o r  (a s  shown i n  photo 3 ) so th a t  a d ju s t­
ments could be made on th e  b a f f le  p o s i t io n  from th e  e n tra n c e .
B) Dynamometer
The dev ice  used f o r  m easuring the fo rc e s  on the  b a f f le s  i s  
shown i n  f ig u re  3 and photo 4 . The dev ice  c o n s is ts  o f  a b ra ss
2
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b a f f le  p laced  upon b a l l  b e a rin g s  which were a tta c h e d  to  a r ig id  
s t e e l  fram e. A s t a i n l e s s  s t e e l  rod ex ten d s from th e  b a f f le  to  th e  
bottom  o f  th e  frame and can be clamped i n  p la c e . A ttached  to  th e  
rod and th e  frame i s  a 3 inch  aluminum r in g  w ith  two s t r a i n  
gauges a t ta c h e d  o p p o s ite  each o th e r  on th e  r in g .  A d e f le c t io n  o f  
th e  b a f f le  g iv e s  a  read in g  on th e  gauges which a re  connected to  a 
Brush a m p lif ie r  and re c o rd e r  a s  shown i n  photo 5» The t e s t  r in g ,  
a s  w e ll a s  b e ing  s e n s i t iv e  to  sm all d e f le c t io n s ,  in c re a s e s  the  
n a tu ra l  freq u en cy  o f  th e  dynamometer and th u s  red u ces  th e  p o s s i­
b i l i t y  o f  sym pathetic  v ib r a t io n s .  The dev ice  was c a l ib ra te d  p r io r  
to  each ru n  and a t  th e  end o f  each ru n  to  ensu re  t h a t  th e  system  
was o p e ra tin g  p ro p e rly . A te n s io n  sp r in g  was used  in  th e  c a l ib ra ­
t io n  s in c e  w e igh ts  and p u lle y s  were found to  cause some e r r o r  by 
c re a tin g  f r i c t i o n  in  lo a d in g  and u n lo ad in g . A nother check o f  th e  
fo rc e s  was o b ta in ed  by th e  average fo rc e s  c a lc u la te d  from the  
p iezom eter re a d in g s . A ty p ic a l  c h a r t  re a d in g  from th e  dynamometer 
i s  shown i n  f ig u r e  4 .
F igu re  4 . -  C hart Reading
3
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Because o f  th e  v a r ia t io n s  i n  th e  re a d in g s , a s  shown in  
f ig u re  U> i t  was n ecessa ry  to  t r e a t  th e  d a ta  s t a t i s t i c a l l y  
in  o rd e r  to  fin d  th e  average fo r c e s .
U
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EXPERIMENTAL PROCEDURE
For each run th e  fo llo w in g  procedure was u sed :
(1) S e t and reco rd  th e  p o s i t io n  o f  th e  b a f f l e s ;
(2) S e t and reco rd  th e  s lu ic e  g a te  open ing ;
(3) S e t and reco rd  th e  d isc h a rg e ;
(A) S e t and reco rd  th e  t a i lw a te r  l e v e l ;
(5 ) Measure th e  dynamic lo ad  by re c o rd e r ;
( 6 ) Take p iezo m etric  re a d in g s  a t  (a) b a f f l e s ,
(b) flum e,
(c ) headbox;
(7 ) Measure le n g th  o f  jump and tem pera tu re  o f  w a ter;
( 8 ) Mark maximum and minimum w ater l e v e l s  o f  th e  jump;
(9 ) Photograph th e  jump.
Four h o r iz o n ta l  b a f f le  s e t t in g s  a t  2 6 .5 , AO.5, 52 . 0 ,  and 6 5 .0  
c e n tim e te rs  were examined. For each s e t t in g ,  a t  l e a s t  5 g a te  
openings a t  2 ,  A, 6 , 8 ,  and 10 cen tim e te rs  were u sed . For each 
g a te  opening v a rio u s  flow s from  0 .5  C .F .S . to  5«5 C .F .S . were 
exam ined. F in a l ly ,  f o r  each flow  se v e ra l t a i lw a te r  l e v e l s ,  h ig h , 
s tan d ard  and minimum were exam ined. For each s tan d a rd  ta i lw a te r  
l e v e l  th e  s te p s  ( l )  to  ( 9 ) were c a r r ie d  o u t .  The e n t i r e  procedure 
i s  b e s t  summarized by th e  d iag ram atic  flow  c h a r t  in  f ig u re  5 .
13
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LITERATURE SURVET
Although th e  h y d ra u lic  jump h as been th e  s u b je c t o f  in v e s t i ­
g a tio n  by h y d ra u lic  en g in ee rs  s in c e  th e  work o f  Bidone C-U_j 
1820, t h i s  phenomena i s  s t i l l  open to  a g re a t d e a l o f  f u r th e r  
s tu d y .
The th e o ry  o f  th e  h y d ra u lic  jump was summarized by B. A. 
Bakhm eteff and A. E. Matzke F  5 J  i n  1936, w ith  s tu d ie s  conducted 
a t  Columbia U n iv e rs ity . In  a d d it io n  to  s tu d y in g  and summarizing 
p rev io u s  r e s u l t s  on th e  v e r t i c a l  e lem ents o f  th e  jump, such a s  th e  
r e la t io n s h ip  between th e  i n i t i a l  and s e q u e n tia l  d e p th s , t h e i r  
s tu d ie s  rev ea led  th e  im portan t p re d ic ta b le  c h a r a c te r i s t i c s  o f  th e  
lo n g i tu d in a l  elem ents a s  w e l l .  The r e s u l t s  were p re sen ted  f o r  
th e  f i r s t  tim e in  d im ension less  form and r e la te d  to  th e  i n i t i a l  
Froude number. The th e o ry  developed by Bakhm eteff and Matzke i s  
based  on th e  "momentum p r in c ip le "  and co n ta in s  s e v e ra l  assum ptions, 
m ainly  t h a t  th e  r a t e  o f  change o f  momentum e q u a ls  th e  d if f e r e n c e  in  
h y d ro s ta t ic  p re ssu re  between th e  i n i t i a l  and s e q u e n tia l  d ep th s .
The assum ptions a re  v a l id  a s  long  a s  f r i c t i o n  i s  n e g l ig ib le  and 
th e n  th e  well-known r a t i o  —(Pr - 
i s  developed .
Rouse, S iao and Nagaratnam £" 6 j [  , i n  1958, made an im p o rtan t 
c o n tr ib u tio n  to  th e  und ers tan d in g  o f  th e  r o l l  o f  tu rb u le n c e  in  th e  
h y d ra u lic  jump.
S ince th e  h y d ra u lic  jump i s  a  u s e f u l  method o f  d is s ip a t in g  
energy , en g in ee rs  have found i t  advantageous to  p lace  b a f f le s  and
15
( l) i t e r ; * - 1 ) .
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s i l l s  in  th e  s t i l l i n g  b a s in , to  in c re a s e  th e  d is s ip a t io n  o f energy  
and reduce th e  le n g th  o f  the  b a s in  which i s  re q u ire d  to  p rev en t 
e ro s io n  and sco u rin g  in  a  n a tu ra l  channel.
The e f f e c t  o f  s i l l s  on th e  fo rm atio n  o f  th e  h y d ra u lic  jump
in  1950. A g re a t  d e a l  o f  work in  th e  d esig n  o f  s t i l l i n g  b a s in s  
and dim ensioning o f  s i l l s ,  b a f f le s  and p ie r s  has been done by th e  
U. S. Corps o f  E ng ineers a t  th e  Waterways Experim ental S ta t io n  a t  
V icksburg , M is s is s ip p i ,  th e  U n iv e rs ity  o f  M innesota (on th e  S t .  
Anthony F a l l s  P ro je c t)  and th e  U. S. Bureau o f  R eclam ation,
J .  N. B rad ley  and A. J .  P e tu rk a , r e p o r t in g  th e  work o f  th e  
U. S. B.R. in  1957, pub lished  a  com prehensive paper on th e  hy­
d r a u l ic  d esig n  o f  s t i l l i n g  b a s in s , dams and o u t l e t  s t ru c tu re s  
under v a rio u s  flow  c o n d itio n s  £  8 J  .
The 1964 p ro g ress  re p o r t  o f  th e  ASCE Task Force on Energy 
D is s ip a to r s  and O u tle t Works £  9 J  f co n ta in s  a lm ost 500 re fe re n c e s  
t h a t  d e a l w ith  energy  d i s s ip a to r s .  T h is re p o r t  p o in ts  o u t th e  
f a c t  th a t  no s tan d a rd  p ra c t ic e  e x i s t s  among h y d ra u lic  en g in ee rs  
fo r  th e  d esig n  o f  s t i l l i n g  b a s in s  w ith  ap p u rten an ces. B asin  
le n g th s  may v a ry  from 6 tim es to  a s  low a s  2 tim es the  s e q u e n tia l  
d ep th , depending on th e  type o f  ap pu rtenances and th e  r e l ia n c e  
p laced  on them 7 ,  8 ,  10 ,  l l j  •
F o r s te r  and S k rin d e , who s tu d ie d  an ab ru p t r i s e  i n  th e  
channel and Hsu, who in v e s t ig a te d  th e  sudden d rop , proposed to  
m odify th e  momentum eq u atio n  such t h a t  i t  in c lu d ed  the  fo rce  on 
th e  o b s tru c t io n . T h is n e c e s s i ta te d  the  u se  o f  a d rag  c o e f f ic ie n t
was d iscu ssed  by John W. F o r s te r  and Raymond
16
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which was to  behave in  th e  same manner a s  th e  c o e f f ic ie n t  o f  a 
f l a t  p la te .  Thus F o r s te r  and Skrinde s ta te d  £" 7_7 " in  any r ig o ro u s  
a n a ly s is  Cq must be considered  a  d rag  c o e f f ic ie n t  a p p lie d  to  th e  
approach v e lo c i ty  head, no t a  lump c o rre c t io n  f a c to r  to  absorb  
th e  shortcomings o f  th e  eq u a tio n . I t  i s  th e  form o f  th e  eq u a tio n  
n o t th e  n a tu re  o f  th e  c o e f f ic ie n t  th a t  must be m odified  to  chang­
in g  flow  c o n d itio n s ."
This type  o f  a n a ly s is  whereby th e  drag c o e f f ic ie n t  i s  r e la te d  
to  th e  incoming flow  has been advocated by bo th  Rand and R ajaratnam  
2 , 3_J • These in v e s t ig a to r s  r e la te d  Cp to  th e  i n i t i a l  Froude
number a s  w e ll a s  th e  shape and sp ac in g  o f  b a f f l e s ;  however, 
Harleman [_ 12_j h as  p o in ted  o u t t h a t  th e  v e lo c i ty  i s  a fu n c tio n  
o f  th e  d is ta n c e  to  the  b a f f le s  and t h i s  seems to  in d ic a te  th e  
n e c e s s i ty  o f  an  a n a ly s is  in  which th e  d rag  fo rc e  i s  r e la te d  to  
th e  flow  c o n d itio n s  i n  th e  neighbourhood o f th e  b a f f l e ,  r a th e r  
than  to  those  a t  th e  en tran ce  s e c t io n  o f  th e  s t i l l i n g  b a s in . A 
number o f  in v e s t ig a to r s  have c o n tr ib u te d  to  th e  a n a ly t ic a l  t r e a t ­
ment o f  s t i l l i n g  b a s in s  w ith  b a f f le s  a n d /o r s i l l s ,  b u t th e re  
appears  to  be shortcom ings in  each approach .
The work o f  F o r s te r  and Skrinde has a lre ad y  been m entioned.
In  d isc u ss in g  th e  work o f  F o rs te r  and S krinde, R. M. Weaver [^7 j[ 
m entions the measurements o f  fo rc e s  on s i l l s  in  th e  h y d ra u lic  jump. 
Weaver found th a t  th e  s i l l  fo rce  d e c rea se s  as  th e  b a f f le s  a re  
moved downstream from th e  beginn ing  o f  th e  jump u n t i l  a  minimum 
i s  ob ta in ed  a f t e r  which th e  fo rce  in c re a s e s  s l i g h t ly .  Harleman 
L 1 2 3  ,  a lthough  he d id  no t make a  g e n e ra l th e o r e t ic a l  a n a ly s is
17
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o f  th e  problem , re p o rte d  t h a t  th e  fo rc e s  on a  d i f f e r e n t i a l  t r a n s ­
form er fo rc e  m easuring dev ice  in d ica ted  t h a t :
1) The b a f f le  fo rce  d e c rea se s  w ith  in c re a s in g  d is ta n c e  
from th e  s t a r t  o f  th e  jump.
2) T h is  fo rc e  can be r e la te d  th rough th e  momentum e q u a tio n  
to  th e  t a i lw a te r  d ep th .
3) The e f f e c t iv e n e s s  o f  th e  b a f f le s  in c re a s e s  w ith  
in c re a s in g  Froude numbers.
In  h i s  a n a ly s is  o f  the  fo rced  h y d ra u lic  jump, R ajaratm an JJ 3J  
( I 96i4.) , in c lu d e s  th e  e f f e c t s  o f  s i l l s  by in tro d u c in g  a  d rag  c o e f f i ­
c ie n t  which depends on th e  s i l l  lo c a t io n ,  shape, h e ig h t and sp ac in g ; 
th e  e n tra n ce  dep th  and th e  i n i t i a l  Froude number. The d rag  c o e f f i ­
c ie n t  becomesin f a c t  a lump c o r re c t io n  f a c to r  which acco u n ts  fo r  
th e  d ec rea se  in  o f  th e  fo rced  jump. T his
ty p e  o f  c o e f f ic ie n t  p ro v id es  a  s a t i s f a c to r y  means o f  c o r r e la t in g  
ex p erim en ta l d a ta  b u t a s  p re v io u s ly  s ta te d  a  more m eaningful and 
r e a l i s t i c  approach would be to  r e l a t e  th e  b a f f le  d rag  fo rc e  to  th e  
flow  c o n d itio n s  a t  th e  b a f f le  r a th e r  th an  a t  th e  beg inn ing  o f  th e  
jump.
More r e c e n t ly ,  Rand £ l2 ^ J  ,  i n  1965 and 1966, has made a 
d im ensional a n a ly s is  o f  th e  e f f e c t s  o f  end s i l l s  and b a f f le  b lo ck s  
on th e  fo rced  h y d ra u lic  jump; however, a  m athem atical tre a tm e n t 
o f  th e  fo rce d  jump i s  n o t p re sen te d .
Thus i t  appears  t h a t  an a n a ly s is ,  whereby th e  e f f e c t  o f  
b a f f le s  on th e  h y d ra u lic  jump i s  g iven  a  m athem atica l tre a tm e n t 
and which r e l a t e s  th e  b a f f l e  d rag  c o e f f ic ie n t  to  flow  c o n d itio n s  
i n  th e  re g io n  o f  th e  b a f f l e s ,  should  be th e  n ex t s te p  i n  th e  i n ­
v e s t ig a t io n  o f  th e  fo rced  h y d ra u lic  jump.
18
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THEORY FOR THE HYDRAULIC JUMP IN A STILLING BASIN WITH BAFFLES
The Reynold1s eq u a tio n s  o f  m otionjj 5J  f o r  a  tu rb u le n t  l iq u id  
a re  commonly w r i t te n  i n  th e  te n s o r  form a s :
-£■ (  &£'&/) - t jL  ( W u f)  = '-L  J t  ( P >) + X i  f Z i  -
3 V  J y  J  <? e  3 ^ 3
which may be in te g ra te d  by u s in g  Gauss’ s D ivergence Theorum to  L ^
o b ta in :-------------------------------------------------- -----------
P  " ^ v i  d  /  7*- ^ P  f
— — C  ?=> d  f  -b  C  p  X i d Y  ?  ( Q c  b ’u j  c --------
* b'*? y  r-
where th e  term s a re  from l e f t  to  r i g h t  [_ 13 , 1 /J : ”
( i )  th e  n e t  f lu x  o f  momentum th rough  th e  boundary £  
o f  th e  mean flow ,
( i i )  th e  n e t  f lu x  o f  momentum th rough  th e  boundary 
due to  tu rb u le n c e ,
( i i i )  th e  mean normal fo rc e  e x e r te d  on th e  boundary^  ,
( iv )  th e  w eight o f  th e  f lu id  i n  th e  re g io n  f  ,
(v ) th e  mean ta n g e n t ia l  fo rc e  e x e r te d  on th e  boundary 
o f  th e  r e g i o n ^  .
I n  th e  a n a ly s is  o f  th e  fo rc e d  h y d ra u lic  jump th e  fo llo w in g  assump­
t io n s  a re  made:
( i )  The jump form s on a  wide h o r iz o n ta l  apron j
( i i )  The sh ea r s t r e s s e s  a t  th e  f r e e  su rface  a re  
n e g l ig ib le .
E quation  (2) i s  t r e a te d  one-d im en sio n a lly  s in ce  th e  n e t changes 
i n  th e  v e r t i c a l  and t ra n s v e rs e  d i r e c t io n s  w i l l  be ze ro .
19
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Applying equation  (2) to  a  b a s in  o f  w id th  W and N b a f f l e s ,  
w ith  a re a  A5 normal to  th e  d i r e c t io n  o f  flo w , (see  d e f in in g  d ia g . 
f ig u r e  6 ) ,  g iv e s:
"  X  ^ ^  +  X  w ) - f ? * ( u , 'z) d f f wh J 0
° & / y
s'N Al y'J-j V/
~i~ J  p j *  ^  1-  J  s t c ( ^ . c Z )  d # f r f ( x . w ) -------------------
0  ^  °
Harleman’ s n o t a t i o n 12] le a d s  to :
^  # V * "  ^  # V '  I z  t V -  j - - # V '
*  <sr tr  j r
> z. f M W £ n } , s _  , y /  ,
=  -  j  f n , - - p i » )  J i ^ W i N )
>  e -  o  ~ 7 w ~  "
-  y U . (  J  I  < > U )  -----------------
' T  °  ^
w ith  Ui and U2 re p re se n tin g  th e  average v e lo c i t i e s  a t  th e  resp ec­
t i v e  c ro s s -s e c tio n s  and
. . «  =  f z _ [ £ 2 £ ^  — - ©
0
s - )  ( u ' )  ^
U z
/
= ( ^ )   @
*
/
where ^  ■ d e n s ity  o f  th e  a ir -w a te r  m ix tu re .
20
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The b a f f l e  fo rc e  te rm ,
c m  h i -A  ~ t  W i
-SQO )r \a/
can be w r i t te n  approxim ate ly  a s ,  w
Shi
o W  <t
w ith  th e  assum ptions t h a t ;
C-jz ~
k U L f
<S> e- Wb N  _ _ -------------(/o)
V /
R ew ritin g  E quation  (A)
f t  ^
The work o f  Rouse e t  a l  £* 6 J  in d ic a te s  t h a t  th e  n e t  tu rb u ­
l e n t  momentum f lu x  from a  f r e e  jump i s  n e g l ig ib le ;  a lthough  t h i s  
may n o t be t r u e  o f  th e  fo rced  jump, th e  I^_ and I g  term s i n  e q u a tio n
(11 ) w i l l  be n e g lec te d  f o r  th e  p re s e n t in v e s t ig a t io n .
/  /
A lso assum ing th a t  @ = (2>y - <5^ - <?Cj- /. O » and n e g le c tin g  
th e  boundary sh ea r fo rc e ,  eq u a tio n  ( 11) becomes,
Uz -  M i-V , -t- ^  -  4 ,  * -  - f z
? 7  f  7
{ o c k^  (n )
5 » b ( - p ' J ( ' “ i ) ^   ©
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The term  yCS_ /  / <?/// i s  p ro p o r tio n a l to  th e  momentum
f lu x  through an e lem en ta l a re a  i n  th e  neighbourhood o f  th e  b a f f l e j
momentum f lu x  in  th e  neighbourhood o f  th e  b a f f l e .  E v a lu a tio n  o f  
t h i s  te rm  re q u ire s  a  knowledge o f  th e  v e lo c i ty  d i s t r ib u t io n  in  th e  
neighbourhood o f  th e  b a f f l e s ;  however an approxim ation o f  th e  
momentum f lu x  upstream  from th e  b a f f le  can be o b ta in ed  by t r e a t in g  
th e  incom ing flow  a s  an expanding j e t .  The expansion o f  th e  j e t  i s  
caused by th e  adverse  p re ssu re  g ra d ie n t o f  th e  prim ary r o l l e r  
( f ig u re  7 ) and th e  boundary sh ea r fo r c e .
The v e lo c i ty  d i s t r ib u t io n  in  th e  j e t  v a r ie s  w ith  in c re a s in g  / V i ,  
from a  un ifo rm  d is t r ib u t io n  to  a  d i s t r ib u t io n  s im ila r  to  t h a t  
sketched  i n  f ig u re  7* However in  o rd e r  to  e s tim a te  th e  average 
v e lo c i ty  a c t in g  on th e  b a f f l e ,  i t  i s  assumed th a t  th e  v e lo c i ty  
d i s t r i b u t io n  i s  n e a r ly  uniform  everywhere upstream  from th e  b a f f l e .  
Expansion o f  th e  J e t
C onsider an elem ent o f  le n g th  o f  th e  jump in  f ig u re  7 , w ith in  
th e  range O — X ^  X .L * and assume th a t  th e  n e t momentum 
in  th e  2 - d i r e c t io n  i s  co n cen tra ted  in  th e  j e t ,  Newton* s second law 
may now be a p p lie d  f o r  a  u n i t  w idth  o f  ch annel, so th a t :
Assuming th a t  th e  sh ea r fo rce  w i l l  be r e l a t i v e ly  sm all compared 
to  th e  ad v erse  p re ssu re  g ra d ie n t o f  th e  prim ary r o l l e r ,
would re p re se n t to  some sc a le  th e
FORCE = RATE OF CHANC-E OF MOMENTUM
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where U » average v e lo c i ty ,  and j  r e f e r s  to  th e  j e t .  
By c o n tin u ity
/ / ( j  -  — jP/'lJj 
%
q $  -  ^
th u s
•4
Now assume 
where
D if f e r e n t ia t in g  ^  __ ^ X
The fo rc e  te rm  i s  f '  j_  ^  f
z  - if  
c <  ^i r - ^ f / f
S u b s t i tu t in g  in  eq u a tio n  (13d) from (13b) and (1 3 c ),
4 ^ '  r (
Combining (13) and (14)
f t  i f f - /  S '  f
^  i f  *  $ r ( ? > r  ■ ? * £ )* *
I n te g r a t in g  from y^ to  y^ and X -  0 to  X * Xb,
/ Y r  S  )  r  &  f j ,  X j Z &  to  )  y ' /  * r  S '  y  ~jr J
from which ^crz
X , -  S f  '  f t "  /-&+-*■ J f ( i f f  f
I f .R etu rn ing  to  th e  term  f  '  (Jl ' ) ( S i f f  o f  i n  e q u a tio n
(12) and s u b s t i tu t in g  X /  - f f / f t  we o b ta in ?
where ^  ^  'whichever i s  sm a lle r .
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I f  i t  i s  assumed th a t  th e  e n tra in e d  a i r  i s  co n cen tra ted  in  th e  
r o l l e r  th e n  ~ ^  and th e  b a f f le  fo rc e  term  in  equa­
t io n  (12) becomes:
eg I t'S
S u b s t i tu t in g  f o r  / ^ b  and re tu rn in g  to  e q u a tio n  (12) one 
o b ta in s :
JZ t7 (.jL‘— 1 ) — I ~ ( f e )  ~ £ 2  1‘f  /V - ■^y.f I - J - fj/'Zr IV X.J>
w here, a  ■ e f f e c t iv e  a re a  o f  b a f f le  « hj?
and S ■ - ■
( W s t M )  __ ; g.
L et p / # <  P ? '
th u s
<9)  ^ 'I -  d f f  -JL (
Expanding:
( £ >  a  7 * ) ^  /&  a , F l)< 9  * -/&  &■ r ' f i - / )
*  *  r  ^  *  ^ ' s  f ‘L e t B =_j S. ,  th u s  R becomes •* -£.
jP/ A S ’r O
* ^
S u b s t i tu t in g  and m u ltip ly in g  by(§r O ) le a d s  to  th e  seven th  
degree  e q u a tio n : —?
f  Qss- ( £ .v  ?s- (7/j &
* f '  -  - i y
-hfCsjB- Br8*-J>{J-)S*~6t&-"<0
+ f c / * ?  s * f -  & * 0 " )  + 3  s A ? J & *
-t- f  g * ( - j h s + v t y  -  y f e A r j  b s+ jpXb )  e z
A
-r f  .£b i’L£v-fjA')S‘~-fsU'3J  & v-jXff? =• a ----------(j 7)
*  /
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E quation  (17) can b e s t  be so lved  w ith  th e  a id  o f  a  d i g i t a l  
com puter, a s  has been th e  p rocedure f o r  t h i s  p r o je c t .  The r e s u l t s  
o f  th e se  eq u a tio n s  a re  d iscu ssed  i n  d e t a i l  i n  th e  r e s u l t s  o f  t h i s  
p ap er.
A pproxim ations to  e q u a tio n  (17) may be o b ta in ed  by co n s id e rin g  
s e v e ra l  s p e c ia l  cases  and by hav ing  some knowledge o f  th e  expansion 
o f  th e  j e t ;  th u s  th e  g e n e ra l seven th  degree e q u a tio n  may be r e ­
duced to  a  s im p le r cub ic  e q u a tio n .
C onsider th e  te r m /^ /W  from eq u a tio n  (1 5 ) , l e t t i n g s ^  - n1 >
^ &rs/j
th e  slope  o f  th e  r o l l e r
and A  - M  l i  / /■/- M &  J __ _  _ - ( i s )
?T' -ft 1 a  / /  J
E quation  (15) becomes -  ( r 'A J
E quations (11) and (12) become
(  1 ~A) Z ~  ~  f '9 }
By c o n tin u ity  Uofi- U p  ,  th u s :
&  = Fr*(h ) ( I-&) - J  c? — —  — (tfk)
1 7 7 1 6 4
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The D e t e r m in a t io n  o f  CD and m
In  o rd e r  to  so lve eq u atio n  (19) f o r  ^z- j  y  3 m athem atical
ex p re ss io n s  must be found f o r  Cq and m, th e  average slope o f  th e  
prim ary r o l l e r .
The drag  c o e f f ic ie n t  f o r  b a f f le  b locks depends p r im a rily  on
th e  b a f f le  shape ( /  h i J  ,  th e  b a f f le  h e ig h t r e l a t iv e  to  th e  .
im pinging j e t  ( h v / j f o )  > the  b a f f le  spacing  ( - 0  =r W l /(W &  V/J))
and th e  Reynolds number. I f  th e  spacing and shape a re  f ix e d  and
th e  Reynolds number i s  s u f f i c i e n t ly  h igh to  o b ta in  a s ta b le
se p a ra tio n  p a t te rn  (Rn = 2000 f o r  a  sharp-edged p la te )  th e n  Cq i s
a  fu n c tio n  o f  y  I  /  7] I  th e  h e ig h t o f  th e  im pinging j e t  r e l a t iv e
to  th e  b a f f le  h e ig h t. For M l y y  j  ?  Cq can be o b ta in ed  from
value  g iven  i n  s tandard  te x t s  on f lu id  mechanics 14^J . For th e
U. S. B. R. s tan d ard  b a f f le s  w ith  ~ an approxim ate
value  o f  Cq (n e g le c tin g  th e  spacing  e f f e c t )  would be 1 .1 6 . On th e
o th e r  hand f o r  y i / h l  ; ( say f o r  W j / h l  - 0 - 7  O' )
a n  e s t i m a t e  o f  Cq c a n  b e  o b t a i n e d  b y  c o n s i d e r i n g  t h e  m om entum  c h a n g e
o f  th e  im pinging j e t .  I f  th e  dep th  o f  th e  im pinging j e t  i s  sm all
compared to  th e  b a f f le  h e ig h t and w idth th e  component o f  momentum
normal to  th e  b a f f le  face  would la rg e ly  be l o s t  on im pact. T here-
fo re  f o r  a re c ta n g u la r  b a f f le  ' f  U j f  W l  /, j, %, ^Wh h i
° '* /
o r ~ >  2.. O g-c- ( Oz / bd )  - O ’ O'  O
Using a  dynamometer and se v e ra l p iezom eters connected to  a 
b a f f le  b lo ck  (U. S. B. R.,1 type B affle ) a  few v a lu es  o f  Cq were
26
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determined experim entally fo r , q
W/> / h ^  ° '7 5  7 15], tOOO and re c ta n g u la r  b lo c k s .
The d a ta  i s  shown i n  f ig u re  ( 8 ) .  The curve ,
.  .  -  ( z P / k )60 = 1.16 + o-3 H a   (2o
was f i t t e d  to  th e  exp erim en ta l and ' t h e o r e t i c a l '  d a ta  by t r i a l  
and e r r o r .
In  o rd e r  to  o b ta in  an e x p re ss io n  f o r  th e  s lope  o f  th e  prim ary  
r o l l e r  o f  a  fo rce d  jump th e  w r i te r  examined th e  w a te r  su rfa ce  pro­
f i l e s  p re sen ted  by a  number o f  in v e s t ig a to r s  2 , 3j S~j • T h is  
le d  t o  th e  fo llo w in g  e m p irica l eq u a tio n  f o r  th e  average  slope  o f  
th e  p rim ary  r o l l e r
m =  1  a*- -  — (z
X b - r # 2-
which has a  low er l im i t  o f  a p p l i c a b i l i ty  o f  abou t 0 . 20 , i .  e . ,  
approx im ate ly  th e  s lope  o f  th e  f r e e  jump r o l l e r .  For s im p l i f ic a t io n  
i n  th e  seven th  deg ree  eq u a tio n  th e  s lope  was e s tim a ted  a s
m  =  AV ^
S o lu tio n  o f  th e  G eneral Equation  f o r  th e  Forced Jump 
• Some S p e c ia l Cases
There a re  th r e e  cases o f  e q u a tio n  (19) t h a t  a re  o f  i n t e r e s t :
i )  Cj) = 0 .0  ( th e  f r e e  h y d ra u lic  jum p); 
i i )  XX s  o.O and Cq /  0 .0  (imminent sweep-out 
o f  th e  fo rced  jum p);
i i i )  ( i - A )  -  OstuX 7*  0 * 0
( b a f f l e s  a t  th e  downstream end o f  th e  
forced  jump).
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Case ( i ) ;  The Free H ydrau lic  Jump
I f  Cj) = 0 .0  e q u a tio n  (19) becomes
0 3-i- £ - 2  t  2  O -
OC-z CX-l
and f o r  & c ' =- — Q2 =? I- O ■ ,  t h i s  g iv es
Q =  & / j f x = - L  (  l / l + S T T z - l )
2
However, i f  Q ,  e t c .  do n o t equal u n i ty  th e n  eq u a tio n  could b< 
so lved  a n a ly t ic a l ly  a s  w i l l  be done w ith  case ( i i ) .
Case ( i i ) :  The Forced H ydraulic  Jump n e a r Sweep-Out
F or A  = o . o  eq u a tio n  (19) becomes
O'* . * OC.I
L et a  = r ^ > C D r;  z ( j l k )  -  2  T? O C .J  /
0^ *
b = 2  ' j / ,
/  I \ 2 /  \ 3
and D « (jB.) +" j jS-; ------
\ 2 J  I 3 j
I n  g e n e ra l we a re  in te r e s t e d  in  th e  case  o f  D — 0 which y ie ld s  
th e  ro o ts
9 -  z \ T - f
and
where jZ ? = CC& '  ( / ^ ( f P )
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Case ( i l l ) :  B a f f le  P ie r s  a t  th e  Downstream End o f  th e  Jump
At th e  downstream end o f  th e  jump th e  dep th  o f  the  j e t  
o ccup ies th e  e n t i r e  depth o f  flow  y2 , th u s  th e  average v e lo c i ty  
a t  th e  downstream b a f f le s  would be U; .
In  eq u atio n  19 t h i s  i s  re p re se n te d  by A  /  »
S u b s ti tu t in g  ( \~ / ^ z  in to  eq u atio n  (19)
s im p lify in g  one o b ta in s
6 ' yt  L -  + Z t - S ^ 1 f 2 i 0 = 0X :
oc.
T h is  e q u a tio n  can be solved by t r i a l  and e r r o r .
-  - / 3  °)
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DISCUSSION OF RESULTS
A n a ly tic a l R esu lts
The seventh  degree  e q u a tio n  ( l? )  was so lved  by computor 
f o r  approx im ate ly  th e  same b a f f le  p o s it io n s  and g a te  openings 
a s  in  th e  exp erim en ta l p o r tio n  o f  th e  p r o je c t .  The c h a r ts  
were p lo t te d  to  g iv e  even v a lu e s  o f  (aCp) from 0 .0  to  1 .2  and
tT
v a lu e s  o f  Xb o f  0 .0 ,  2.5* 5 .0 , 1 0 .0 , and 1 6 .0 . The r e s u l t in g  
p lo ts  o f  a g a in s t  F^, f o r  v a r io u s  v a lu es  o f  (aCp) a re  p re sen ted
7 i  y T
i n  f ig u r e s  (9 to  1 3 ) . These cu rves a re  v a l id  f o r  a l l  v a lu e s  o f
hjj  . However, when th e  h e ig h t o f  th e  j e t  i s  l e s s  th an
!7
th e  h e ig h t o f  th e  b a f f l e ,  th e  e f f e c t iv e  a re a  o f  th e  b a f f le  i s  r e ­
duced and i t  becomes n ecessa ry  to  so lve th e  e q u a tio n  fo r
whichever i s  s m a lle r . The i n t r o -S (hb*)Co where[ = / hb \ o r  /y-D', <
»  r n  v n l  t o
a u c tio n  o f  th e  e f f e c t iv e  h e ig h t n e c e s s i ta te s  an e x p re ss io n  fo r  
th e  expansion o f  th e  j e t .  E quation  (15) was so lved  f o r  d i f f e r e n t  
v a lu es  o f  Fj_ and/ygNto g ive th e  p lo ts  o f y ^ W s  /yb \ f o r  v a r io u s
t o  t o  t o
Froude numbers, a s  p re sen te d  on th e  l e f t  o f  f ig u re s (9  to  1 3 ) .
The procedure f o r  u s in g  th e  c h a r ts  i s  a s  fo llo w s:
30
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EXAMPLE 1.0 /xb 
yi7
5 .0  F^ _ = 6 .0  /  hb \ -  1 .0
Assume aCD * 0 .80
cD « 1.16*
y i
from f ig u re  11  Q  = 6 .6
from f ig u re  1 1 (b) ^  5^ =  1 .2 2
/ yb\= 1.22
■ v
th u s  aCD s  £ x  1 .2 2  x  1 .1 6  *  0 .7 1
yT
E n te r  f ig u r e  11 Q  = 6 .8
from f ig u re  11 (b) / yb \ “  1 .2 3  CD * 1 .1 6
\nl
th u s  aC_. = £ x  1 .23 x  1 .16  * 0 .71D
y r
T h ere fo re  u se  / y 2 ' \  * 6 *8 .
\ *T/
Example 1 .0  shows th a t  a  v a lu e  f o r  (aC^) may be assumed
y T
and th a t  a f t e r  one t r i a l  th e  method q u ic k ly  converges to  th e  
c o r r e c t  v a lu e .
Jro-
31
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G en era lly , th e  c h a r ts  v e r i f y  t h a t / y o \ i s  reduced by:I
7V
( l )  reducing/X K\ ,
(2) in c re a s in g  aCD
Exparirr.ental R esu lts
The r e s u l t s  o f th e  experim en tal study  a re  summarized in  
T able 1 .0 , which shows the observed and c a lc u la te d  v a lu es  under 
c o n d itio n s  o f  flow  from 1 .0  to  5*5 C .F .S ., a t  b a f f le  p o s it io n s  
o f  2 o .5j 40.5s 5 2 .0 , and 65  c e n tim e te rs . The c a lc u la te d  v a lu es  
shown in  Table 1 .0  a re  derived  from th e  observed v a lu e s ,
a) R atio  o f  Depths
For comparison w ith  o th e r  in v e s t ig a to r s ,  p lo ts  were made o f  
numbers o f  4 , 6 , 8 , and 10 , a t  v a lu es  o f
o f  0 .0 ,  1 .0 ,  1 .5  and 4 .0 .  Even Froude numbers were ob ta ined
by observ ing  th e  tre n d  o f  th e  fam ily  o f  curves o f  (aC^) and e x -
ten d in g  th e  observed da ta  along t h i s  tre n d  to  th e  n e a re s t even 
Froude number. The r e s u l t s  a re  p lo t te d  in  f ig u re  (14)* G en era lly , 
u s in g  th e  v a lu es  o f  o th e r  in v e s t ig a to r s ,  th e  agreem ent o f  e x p e r i­
m ental r e s u l t s  w ith  th e  th eo ry  p resen ted  i n  t h i s  paper i s  good. 
C onsidering  th e  s c a t t e r  o f  d a ta  th e  r e s u l t s  o b ta in ed  a t  the  
U n iv e rs ity  o f  W indsor show f a i r  agreem ent w ith  th e  th eo ry  ( e q ' n .
1 7 ).
32
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F igure 14 in d ic a te s  th a t  th e  e f fe c t iv e n e s s  o f  th e  b a f f le s  
in c re a se s  w ith  increasing/hv,'^and F-^. At th e  p o in t where th eu
curves approach th e  curve f o r  th e  f r e e  jump, th e  e f f e c t  o f  th e  
b a f f le s  may be assumed to  be n e g l ig ib le .  Using/X,Q'y= 1 .5 fy^s a s
y  y
recommended by th e  ASCE Task Force on Energy D is s ip a to r s ,  and
using/y^A from  th e  f r e e  jump, th e  b a f f le  d is ta n c e  i s  w e ll w ith in  
-  i * 1 /
th e  e f f e c t iv e  ra n g e .
Harleman 1 2 j  found th a t  the  re d u c tio n  in  dep th  due to  
b a f f le s  i s  n e g l ig ib le .  H is f in d in g s  may have b e en .in f lu en c e d  by
th e  f a c t  t h a t  only/h-D\=  1 .0  ( th e  upper cu rves in  f ig u re  14) was
/ — !
I n  I
co n sid e red , and a lso  h igh  v a lu e s  of/X^Awere exam ined. Thus h is
j _ \
[ y j
r e s u l t s  would f a l l  v e ry  n e a r to  th e  f r e e  jump where th e  curves 
beg in  to  approach  each o th e r .  T h is in d ic a te s  t h a t  perhaps v a lu e s  
o f /h v ^ g re a te r  -than 1 .0  should be co n sidered  in  th e  desig n  o f
I s J
s t i l l i n g  b a s in s .  However, in  th e  p re se n t s tu d y  no l im i t s  o f  
f Xb) a n d /h ^ w e re  ev a lu a te d  and no s tudy  o f  the  im p o rtan t e f f e c t  o f
\ y ± i  ( y ^ l
c a v i ta t io n  on th e  b a f f le s  was in tro d u c e d .
33
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b) Force Measurements 
The r e s u l t s  o f  th e  fo rce  measurements a re  p re sen ted  in  
f ig u re  (1 5 )• The th e o r e t i c a l  cu rves were developed by con­
s id e r in g  th e  r a t i o  o f th e  b a f f l e  fo rc e  to  th e  j e t  fo rce  o f  th e  
incom ing flow , a s  fo llo w s:
Drag Force
- t b *  ( i - A ) z  —  ~ ( 3 t )
Maximum J e t  Force 
Thus x -
S -
----------------(3 2 )
 ------- (S3)
The fo rc e  r a t i o  can th u s  be c a lc u la te d  by co n s id e rin g  th e  
term  ( l~ A )Z o r  / y b \ from th e  c h a r ts  i n  f ig u r e  (9  to  13 ) ,  and
l y j /
m u ltip ly in g  by £ /ha^Cp.
155
EXAMPLE 2 . fx A  s  1 0 .0 , Fx = 6 .0 , 1.0,
* li
From f ig u r e  12 / y g \  = 7 .25
th u s 'y fe\ » 1 .55  and /y fe\ ■ 1 .55
*1
From f ig u re  8 = 1 .16
F. = £ x  1 .0  x  1 .1 6  x
J
.241
The exp erim en ta l r e s u l t s  (u s in g  th e  p iezo m etric  fo rc e s )  a re  
shown a s  th e  p lo t te d  p o in ts  i n  f ig u re  15. The fo rc e  measurements 
and th e  r e s u l t in g  p lo ts  a re  o f  an  e x p lo ra to ry  n a tu re  and f u r th e r
34
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in v e s t ig a t io n  should be c a r r ie d  o u t b e fo re  any d e f in i te  co n c lu s io n s  
a re  drawn.
In  th e  p re se n t a n a ly s is ,  th e  fo rce  measurements f o r  g iven 
v a lu es  o f/h |j\
( s g  17^
to  f i t  an experim en tal curve t o  th e  d a ta , fo rce  measurements should
A and a re  l im ite d  to  sm all ran g es  o f /x b\  In  o rd e r
‘J l y 7/
be made over a  w id er range o f /x ^
( yjy
f o r  s p e c if ie d /h ^ a n d  v a lu e s .
ini
A gain, from th e  experim en tal d a ta  a v a i la b le ,  th e  g e n e ra l t r e n d , 
suggested by th e  th e o r e t ic a l  cu rv es , i s  fo llow ed .
Dynamic Load
The dynamic lo a d s , a s  measured by th e  dynamometer, a re  
shown in  Table 1 .0 .  G en era lly , th e  fo rc e s  from th e  dynamometer 
a r e  s l i g h t ly  sm a lle r  th an  th o se  c a lc u la te d  from th e  p iezo m etric  
re a d in g s . Because o f  th e  v a r ia t io n  o f  th e  d a ta ,  a s  shown in  f ig u re  
4 ,  th e  d a ta  was t r e a te d  s t a t i s t i c a l l y  and th e  s tan d a rd  d e v ia t io n  
was c a lc u la te d  by co n s id e rin g , t h a t  f o r  any g iven  number o f  ob­
s e rv a tio n s  n , an e s tim ate  o f  th e  s tandard  d e v ia t io n  S.D . o f  th e  
u n d e rly in g  p o p u la tio n  can be o b ta in ed  from th e  mean value  o f  the  
sample range R
S. D. R x  d
The v a lu e s  o f  "d" may be o b ta in ed  from ta b le s  i n  any e lem en tary  
t e s t  o f  s t a t i s t i c s .
Thus f o r  each v a lu e  o f  th e  dynamic lo a d , 15 read in g s  o f  the  
range were reco rd ed , th e  average was c a lc u la te d , and t h i s  was 
m u lt ip l ie d  by Md” to  o b ta in  th e  s tan d ard  d e v ia t io n .
When more d a ta  i s  a v a ila b le  f ig u re  15 should f a c i l i t a t e  the
35
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d e te rm in a tio n  o f  th e  fo rce  on th e  b a f f l e ,  f o r  use  in  d e s ig n  
when CQ,^hy, F^ and /X -^are  known. I t  should be p o in ted  ou t
l y j  1 7±l
t h a t  f ig u re  15 o f/F g \vs/X ^ \depends on th e  p a r t i c u l a r  p lo t  o f
' 1 - II F ,  [y i !
Cq vs/y^,'. and th u s  d i f f e r e n t  curves of^FgWs^X^ W ould be ob ta in ed
i^bJ   ^ [ y i l
f o r  d i f f e r e n t  cu rves o f  CQ v s / y ^  however, th e  c h a r ts  in  f ig u re s  
9 to  13 of/y-jl v s .  F^, f o r  v a r io u s  v a lu e s  o f  (aCp) a re  independent
tT
o f  the  p lo t  o f  v s /y , \ i . e . ,  th e  curves th em selv es  do no t change
I rri 
[hb!
f o r  d i f f e r e n t  p lo ts  o f  CQ vs/ y ^ .
( ig
The cux*ve o f  Cq v s /y ^ w h ic h  was used i n  th e  d e te rm in a tio n  o f
k i
f ig u r e s  14  and 15 could be m odified  f o r  a  d i f f e r e n t  ty p e  o f  b a f f le  
b lock  to  g ive s l i g h t l y  d i f f e r e n t  p lo ts  i n  th o se  f ig u r e s .
Length o f  Jump Measurements
Length measurements a re  p re sen ted  i n  Table 1 .0  f o r  th e  sake 
o f  com pleteness. No p lo t s  o f  a non-d im ensional le n g th  r a t i o  vs 
Froude number were made. The pho tos, tak en  f o r  each o f  th e  
measurements shown i n  Table 1 .0 ,  suggest t h a t  a  more reasonab le  
c r i t e r i a  fo r  the  le n g th  o f  th e  jump, m ight be to  co n s id e r where 
th e  a i r  bubbles le av e  the bottom  o f  th e  ch an n e l. T h is p o in t
36
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in d ic a te s  th a t  la rg e  sca le  tu rb u len ce  in  the  jump no lo n g e r 
reach es  the  bottom  o f  th e  channel. T h is le n g th  i s  c le a r ly  in ­
d ic a te d  f o r  each b a f f le  p o s it io n  (se e  photos 6 , 7 , 8 and 9 ) ,  
and measurements can be made from th e  ph o to s .
Suggested R ev isions to  Equipment
F uture  in v e s t ig a t io n s  may be f a c i l i t a t e d  by re g a rd in g  some 
o f  th e  fo llo w in g  su g g es tio n s .
1) The ra d iu s  o f  th e  guide p la te  a tta c h e d  to  th e  s lu ic e  
g a te  should  b e in c reased  so th a t  more n e a r ly  p a r a l l e l  
flow  l i n e s  w i l l  be o b ta in ed .
2) C arefu l measurements should be made o f  y^ , a f t e r  the  
c o n tra c tio n  a t  the  s lu ic e  g a te .
3) The p iezom eters  should be improved by p ro v id in g  more 
damping i n  th e  l i n e s ,  so t h a t  a b e t t e r  e s tim a te  o f  
th e  average  fo rce s  may be o b ta in ed .
h) The dynamometer could be improved in  s e v e ra l  ways:
( i )  F r ic t io n  may be reduced by im proving th e  
b e a r in g s  system
( i i )  The fo rc e  measurements would g iv e  more a ccu ra te  
re a d in g s  o f  th e  h o r iz o n ta l  fo rc e s  i f  t i l t i n g  o f 
th e  b a f f le  b lock  i s  f u r th e r  reduced . T h is  i s
a  p a r t i c u la r ly  d i f f i c u l t  problem s in ce  the  
p o in t o f  a p p lic a t io n  o f  th e  average fo rc e  de­
pends on th e  flow  c o n d itio n s . P o s s ib ly  th e  
t i l t i n g  o f th e  b a f f le  may be kep t to  a  minimum 
by hollow ing  th e  b a f f le  b lock  and p la c in g  th e  
p rov ing  r in g  in s id e  th e  opening. T h is  would
37
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a ls o  reduce leakage around th e  b a f f l e .  
Perhaps th e  b e s t method o f  m easuring th e  
h o r iz o n ta l  fo rc e s  i s  to  p lace  se v e ra l 
t ra n sd u c e rs  on the  f ro n t  and re a r  o f  one 
o f  th e  b a f f le s  and c a lc u la t in g  th e  r e s u l ­
t in g  fo rc e .
38
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F igure  6 . D efin ing  Sketch o f  th e  H ydrau lic  Jump
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Figure 7 . D efin ing  Sketch o f  th e  Expansion o f th e  J e t
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Igure 10. Sequential Depths in  the Hydraulic Jump
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'ig u re  11 . S e q u e n tia l Depths i n  th e  H ydraulic  Jump
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ig n re  12. S e q u e n tia l D epths in  th e  H ydrau lic  Jump
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figure 13. Sequential Depths in  the Hydraulic Jump
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F igure 14 . A Comparison o f  T h e o re tic a l and Experim ental S eq u e n tia l
Depths o f  the Forced H ydrau lic  Jump
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Photo 6 . T y p ica l Jump P r o f i le  (F^ -  3 .7 )
Photo  7» T y p ica l Jump P r o f i l e  (F^ « 6 .4 )
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Photo 8 . T y p ica l Jump P r o f i le  (F^ » 7 .6 )
Photo 9 . T y p ica l Jump P r o f i le  (F^ *» 4 .0 )
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CONCLUSIONS
A th e o r e t ic a l  a n a ly s is  o f  th e  fo rced  h y d ra u lic  jump has 
been p re sen ted  and p a r t i a l l y  v e r i f ie d  by exp erim en ta l in v e s t i ­
g a tio n . The g e n e ra l momentum eq u a tio n  has been m odified  by 
th e  in tro d u c tio n  o f  a  b a f f le  fo rc e  term  which i s  r e la te d  to  
th e  flow  i n  th e  neighbourhood o f  th e  b a f f l e s .  The r e s u l t in g  
seven th  degree e q u a tio n  (17) was so lved  to  g ive  d im ension less  
p lo ts  of/y>Avs f o r  v a r io u s  v a lu es  o f  (Sh^Cp). These c h a r ts
\ y j  71
can be used f o r  d esig n  purposes when F]_, ^  Cp, X^, S and h^ a re  
known (a s  i s  g e n e ra l ly  th e  c a s e ) . An approxim ate curve o f  Cd 
v s /y b\ ,  in d ic a t in g  th e  d rag  c h a r a c te r i s t i c s  o f  th e  h a f f l e s ,  was
\ \
a ls o  p re se n te d .
Force measurements o f  th e  b a f f le  fo rce  te rm  a re  a ls o  p re­
s e n te d . T h e o re tic a l  cu rves o f  th e  b a f f le  fo rce  to  th e  maximum 
j e t  fo rc e /F ^ \a re  p lo t te d  a g a in s t/X ^ \to  in d ic a te  th e  b eh av io r o f
1*7 \ K i
th e  fo rc e s  under v a r io u s /h ^ r a t i o s  a s  w e ll  a s  v a ry in g  Froude
( y i /
numbers. The r e s u l t in g  p lo t  i f  f u r th e r  v e r i f i e d  by experim en tal 
d a ta  would f a c i l i t a t e  th e  d e te rm in a tio n  o f  th e  fo rc e s  on b a f f le s  
in  s t i l l i n g  b a s in s .
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FUTURE RESEARCH
For fu tu re  re sea rch  th e  fo llow ing  a re a s  a re  suggested:
(1) F u rth e r study  o f  th e  f a c to r s  th a t  a f f e c t  Cq 
( e .g .  S and yb/h-D) i s  needed.
(2) The e f f e c t  o f  th e  ta i lw a te r  l e v e l  on th e  b a f f le  
fo rce  should be in v e s t ig a te d .  I n  th e  p re sen t 
study  i t  was found th a t  the  fo rce  on th e  b a f f le  
liras in c reased  on in c re a s in g  o r  d ecreasin g  the  
t a i lw a te r  l e v e l  from th e  s tandard  p o s it io n . In  
t h i s  connection  th e  s lops o f  th e  prim ary r o l l e r  
and i t s  e f f e c t  on th e  b a f f le  fo rce  term  should 
a ls o  be in v e s t ig a te d .
(3 ) A comparison o f  th e  len g th  o f th e  jump, a s  sug­
gested  p rev io u s ly  ( i . e . ,  downstream to  th e  p o in t 
where th e  a i r  bubbles leav e  th e  f l o o r ) ,  to  th e  
len g th  o f th e  jump and r o l l e r  a s  found by o th e r  
in v e s t ig a to r s ,  i s  a ls o  suggested .
( 4 ) V arying th e  geom etry o f  th e  s t i l l i n g  b a s in  by 
v ary ing :
( i )  th e  spacing  o f  th e  b a f f le s ,
( i i )  th e  dim ensions o f  th e  b a f f le s ,
( i i i )  th e  number o f  rows o f  b a f f le s ,
( iv )  th e  s lope  o f  th e  channel, 
should a ls o  be in c lu d ed  in  fu tu re  re se a rc h .
( 5) - a  the  a n a ly t ic a l  p o rtio n  o f th e  s tu d y , fu tu re  r e ­
search  m ight in c lu d e  the in tro d u c tio n  o f  a f r i c t i o n
56
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
term  i n  th e  s o lu t io n  o f  th e  g en e ra l e q u a tio n . A 
f r i c t i o n  fo rce  was no t in c lu d ed  i n  th e  p re se n t 
study because th e  in c lu s io n  o f  a f r i c t i o n  fo rce  
term  i s  o f f s e t  by a d ecrease  o f  th e  b a f f le  fo rce  
term  due to  th e  a p p a ren t in c re a se d  j e t  expansion 
when f r i c t i o n  i s  in c lu d ed  i n  th e  a n a ly s is .  T h is  
s te p  c e r ta in ly  w a rra n ts  f u r th e r  in v e s t ig a t io n .
(6 ) Another assum ption  in  th e  th e o r e t ic a l  a n a ly s is  
which should be considered  i s  th e  f a c t  t h a t  th e  
n e t tu rb u le n t  momentum f lu x  was assumed to  be 
n e g l ig ib le .  T h is  was found to  be t r u e  f o r  th e  
f r e e  jump 6 ,  b u t no s tu d ie s  seem to  be 
a v a i la b le  f o r  th e  fo rced  h y d ra u lic  jump.
(7) The te rm  ^  , th e  momentum c o e f f ic ie n t ,  and , 
th e  p re s su re  c o e f f i c i e n t ,  a re  assumed to  be 1 .0 ,
i . e . ,  th e  flow  i s  considered  to  be p a r a l l e l  and 
th e  p re ssu re  d i s t r ib u t io n  i s  h y d ro s ta t ic .
(8) A ir en tra in m en t was a ls o  n eg lec ted  f o r  th e  p re sen t 
s tu d y . In c lu s io n  o f  th e  p re v io u s ly  m entioned 
term s i n  th e  g e n e ra l e q u a tio n  may have o n ly  
s l i g h t  e f f e c t s  on th e  p rev io u s  s o lu t io n s ;  how­
e v e r , t h e i r  in c lu s io n  i s  suggested  f o r  th e  sake
o f  com pleteness.
(9) The e f f e c t  o f  c a v i ta t io n  on th e  b a f f le  b lo ck s  i s  
suggested  a s  a  f u r th e r  s tu d y .
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(10) The l im i t s  o f  th e  r a  t i  o s /  Xb ^  and ^  \ might a lso  be
I y j  13\ j
determ ined .
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LIST OF SYMBOLS
a » Shfc ( e f f e c t iv e  a r e a ) ,
b » s u b sc r ip t  in d ic a t in g  b a f f l e .
Cc » c o n tra c tio n  c o e f f ic ie n t .
Cp a  b a f f le  drag c o e f f ic ie n t .
Cv *  v e lo c i ty  c o e f f ic ie n t .
D2  »  f r e e  jump sequent d ep th ,
e ■ base o f  n a tu ra l  lo g a rith m s .
F a  Froude number.
Fg a  fo rce  on th e  b a f f l e .
F j a  f o r c e .o f  th e  j e t
g a  a c c e le ra t io n  due to  g ra v i ty .
hb *  b a f f le  h e ig h t,
hb* * e f f e c t iv e  b a f f le  h e ig h t .
I  a  momentum c o e f f ic ie n t  ( tu r b u le n t ) .
L j a  len g th  o f  Jump.
Lr  a  le n g th  o f  r o l l e r ,
m a  average slope o f  th e  prim ary r o l l e r .
N a  number o f  b a f f l e s ,
p a  average p re ssu re  a t  a p o in t,
q » d isch a rg e  p er u n i t  w id th .
s ~ (wbAwb-t^Ws)), a  spacing  param eter,
u a  (u + u ' ) a  in s ta n ta n e o u s  p o in t v e lo c i ty ,
u a  average  v e lo c i ty  a t  a  p o in t,
u ’ a  tu rb u le n t  v e lo c i ty  f lu c tu a t io n .
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U -  average  v e lo c i ty  i n  a c ro s s - s e c t io n  ( x - d i r e c t io n ) .
■-¥- = Volume.
W * b a s in  w id th .
wb = b a f f le  w id th .
ws = space between th e  b a f f le s .
X,x ■ h o r iz o n ta l  co o rd in a te  ; i n  th e  flow  d i r e c t io n .
Xb ■ d is ta n c e  from th e  s t a r t  o f  th e  jump t o  th e  b a f f l e .
Xr  » d is ta n c e  to  th e  r o l l e r ,
y  -  v e r t i c a l  c o o rd in a te
yb ■ dep th  o f  th e  j e t  j u s t  upstream  o f  th e  b a f f l e .
OC '  ■ p re s su re  c o e f f ic ie n t .
(? * momentum c o e f f ic ie n t .
, /
0  “  s p e c i f ic  w eight o f  th e  a i r - w a te r  m ix tu re  a t  a  p o in t .
) f  “  s p e c i f ic  w eight o f  w a te r .
A  « j e t  expansion  param ete r.
f  -  su rfa ce  o f  in te g r a t io n .
^  = p o s i t iv e  norm al to
0  * ^2^1*  i » e *j sequent dep th  r a t i o .
“  d e n s i ty  o f  th e  w a te r .
-  v i s c o s i ty  o f  th e  w a te r .
'o ■ boundary sh ea r s t r e s s .
1 *  a  s u b s c r ip t  in d ic a t in g  th e  s e c t io n  a t  th e  s t a r t  o f
th e  jump.
2 = a  s u b s c r ip t  in d ic a t in g  th e  s e c t io n  a t  th e  end o f
th e  jump.
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APPENDIX—EXPLANATION OF DEFINITION OF CD
Since th e  d rag  c o e f f ic ie n t  has been r e la te d  to  th e  known 
incoming flow  c o n d itio n s , by o th e r  in v e s t ig a to r s ,  some exp lana­
t io n  i s  needed to  j u s t i f y  r e l a t in g  th e  d rag  fo rc e  to  th e  v e lo c i ty  
i n  th e  re g io n  o f  th e  b a f f l e .
When th e  d rag  c o e f f ic ie n t  i s  r e la te d  to  th e  i n i t i a l  flow  
c o n d itio n s , th e  expansion  o f  th e  j e t  i s  ig n o red  and th e  c o e f f i ­
c ie n t ,  which must be determ ined  e x p e r im en ta lly , becomes a  lump 
c o r re c t io n  f a c to r  to  compensate f o r  th e  shortcom ings o f  th e  
e q u a tio n . By r e l a t in g  th e  d rag  c o e f f ic ie n t  to  th e  v e lo c i ty  in  
th e  re g io n  o f  th e  b a f f l e ,  th e  c o e f f ic ie n t ,  which ag a in  i s  d e te r ­
mined e x p e rim en ta lly  i s  more r e a l i s t i c a l l y  r e la te d  to  th e  geome­
t r i c  p ro p e r t ie s  o f  th e  b a f f le  (h e ig h t ,  w id th , shape and spacing) 
r e l a t iv e  to  th e  expanding j e t .
I n  e f f e c t ,  i n  th e  l a t t e r  c a se , th e  lump c o r re c t io n  f a c t o r  
has been broken down in to  i t s  components which a re  th e  geom etric  
p ro p e r t ie s  o f  th e  b a f f le  and th e  expansion  o f  th e  j e t .  The ex­
pansion  o f  th e  j e t  has been t r e a te d  th e o r e t i c a l l y  in  t h i s  s tu d y .
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